Abstract: The structural performance of thin-walled compression members are subject to the effects of local buckling, interaction between buckling modes, loading end conditions and material yielding and that due to these effects the compressive carrying capability of thin-walled members can be significantly diminished. This paper employs the finite element simulation to examine the local-overall flexural interaction response of pinned-ended thin-walled I-section columns that covers the complete compressed loading history from the onset of elastic local buckling through the nonlinear elastic and elasto-plastic post-buckling interactive phases of behaviour to final collapse and unloading. A detailed account of the growth and redistribution of stresses on the surfaces is given in the paper. Pinned-ended conditions means, of course, simply supported conditions at the column ends with respect to global rotations and the ends of the constituent plates of the crosssection can be treated as either locally rotationally constrained or locally rotationally free. The numerical simulations take into account the influence of material nonlinearity and geometrical imperfections on the compressive ultimate failures of the sections, however, the study is limited to the interaction of local buckling with overall flexural bending as well as locally rotationally constrained condition. This paper shows that the ultimate failure of the columns is related with yielding on the compression sides of the outer surfaces of the section walls at the web, flanges and section junctions mostly located along the length of the columns.
Introduction
Interaction is likely to happen between different buckling modes in thin-walled intermediate and long structures subjected to compression and, obviously, coupled instabilities such as localdistortional buckling or local-overall flexural behavior can be encountered in design. The subject of buckling mode interaction has been investigated by many researchers over the years.
Yang & Hancock [1] describe the numerical modeling procedures performed to simulate the behaviour of test columns of Young & Hancock [2] and Young et al. [3] , and they [4] have also performed simulations of the test columns of Young & Hancock [5] . Both research works [1, 4] employed the commercial finite element package ABAQUS with the aim of predicting the strengths of the sections. The conditions at the ends of the columns were such that at each end a rigid body element was defined and connected to nodes at the end cross-section of the column. One end was forced to move and the other was fixed. The material model used in the finite element analysis was obtained from the stress-strain curves of tensile tests. In general, the ultimate load comparisons were good apart from those sections whose elastic local buckling stress was close to or greater than the material yield stress. Zhang et al. [6] explained the experimental program conducted along with the finite element simulation performed on cold-formed channels with inclined simple edge stiffeners compressed between pinned-ends. The pinned-end conditions were modeled using CERIG command in ANSYS to create rigid regions representing the knife-edge plates which were used as the pinned-end support in the tests. Good comparison was found between the tests and the finite element analysis with regard to the ultimate failure load, load-axial shortening and loaddeflection responses and the final collapse mode.
In this paper the local-overall flexural interaction response of pinned-ended thin-walled I-section columns is examined. Pinned-ended conditions means simply supported conditions at the column ends with respect to global rotations which permits rotary motion at the ends of the columns and the ends of the constituent plates of the cross-section can be treated as either locally rotationally constrained or locally rotationally free. The numerical simulation gives details of the growth and redistribution of stresses on the surfaces of columns for which local buckling is the initial elastic critical mode of response, with the subsequent failure of the columns being associated with elastoplastic, local-overall flexural interaction. The numerical simulations also take due account of the influence of geometrical imperfections on the compressive ultimate failures of the sections, however, the study is limited to the interaction of local buckling with overall flexural bending as well as locally rotationally constrained condition.
Finite element simulation
The finite element method has been used to simulate the compressional post-local buckling and overall bending interaction behaviour of the pin-ended I-section columns. The simulations use the Element 75 quadrilateral shell element of the MSC/MARC finite element software to discretise the sections and to formulate the finite element models. The post-local buckling and overall bending interaction behaviour of the I-section compression members was determined using the nonlinear static solution sequence SOL 600 involving geometric nonlinearity as well as elasto-plastic material nonlinearity using the simplified elastic-perfectly plastic stress-strain model of the I-section material. Suitably refined finite element models with appropriate loading cases were developed to simulate the complete compressional loading history of the I-section members. For the column some 30,000 elements were used to accurately capture the complex interaction between local buckling and overall flexural bending of the columns. Results have been obtained in this work using symmetry for computational efficiency.
The type of structures considered is the I-section columns. Fig. 1 shows the typical cross-section geometrical details of the doubly-symmetric I-section columns. The findings are presented for a typical doubly-symmetric I-section column with b f /b w shape factor equal to 0.5. The columns have length, L of 900 mm, the width of the web, b w, is 100 mm and the thickness is 1.5 mm for both the flanges and the web. The length of the columns has been chosen in an attempt to investigate imperfection sensitivity in column designs which lie in close proximity to the simultaneous local and Euler buckling design. The modeling strategy of the pin-ended conditions is more complex. For the case which is locally rotationally constrained at plate ends, the flange nodes are constrained from movement in the Y-direction and from rotation about the Z-axis. In order to allow for the cross-section to rotate at the column ends, all nodes are constrained to move axially, in the X-direction, in relation to the displaced state of the independent node which lies on the section neutral axis of the plate end crosssection. This results in all web nodes being constrained to move in the X-direction by the same amount and all the flange nodes being constrained to have a linear variation of axial displacement across the flange and through the selected neutral axis node (i.e. independent node). In addition, the modeling strategy constrains the web nodes from moving in the Z-direction and enforces all web nodes to have the same rotation about the Y-axis as that of the junction node.
The independent node of the top end is enforced to move in an incremental manner by a uniform compressional end displacement, u, and the independent node of the bottom end is constrained from moving in the longitudinal X-direction. Both independent nodes are not allowed to move in the Yand Z-direction, and constrained from rotating about the X-and Z-axis, but free to rotate about the Y-axis. These constraints allow the columns to rotate about the minor Y-axis but restrain any bending about the major Z-axis as well as twisting about the X-axis.
Typical results and discussion
From linear buckling analyses, the I-section columns of length 900 mm, which is restrained outof-plane rotation at their component plate ends, these exhibit local buckle node at the central column section. For this case the finite element half-model has been used to obtain the responses. Fig. 2 shows the interactive response of pin-ended doubly symmetric I-section columns of length 900 mm, which are locally rotationally constrained at their plate ends, in the form of nondimensional applied load-column central deflection equilibrium curves. The cross sectional details and material properties of the columns are as indicated in Fig. 2 . It is clear that the columns stay straight from the beginning of loading and only start to deflect when they attain their ultimate conditions. Local buckling is first initiated which corresponds to a local to Euler buckling load ratio of P L /P E = 0.7789. The columns are modeled using half-length half-section finite element and compressed at the section geometric centroid between pinned ends. It is of note that the reduced Euler load and the ultimate loads corresponding to all yield stress levels are similar to those columns which are locally rotationally free. For the geometrically imperfect column in the order of w o = 0.6t w , with regards to the yield stress level of σ Y = 250 N/mm 2 the ultimate load of the imperfect column is noted to be some 15.76% lower than its perfect section. The deformed states and growth of von Mises stresses on outer surface 1, middle surface and outer surface 2 of the section are depicted in Fig. 3 . The deformed states shown are in full-length
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Advances in Mechanical and Manufacturing Engineering and the von Mises stresses are in isometric views and taken from the nonlinear finite element analyses using the full-length half-model section. It can be seen that the column has eight numbers of local buckles and as the loading progresses the amplitudes of the local buckles increase. At load point location 1 just after local buckling, the von Mises stresses on all surfaces are found to be elastic which is less than the material yield stress level of σ Y = 350 N/mm 2 as indicated in Fig.  3 . At load level 2, it is seen that yielding has occurred in the compression sides of surfaces 1 and 2 from the nodal plane section junction to the crest of the web and flange sections. The first yielding is found to take place between load levels 1 and 2. At load level 3, it is clear that complete yielding through the wall thickness has not been reached but complete spread in plastic yielding occurs from the nodal plane section junction to the crest of the web and flange sections on the compression sides of surfaces 1 and 2. Load level 3 is essentially representing the final collapse conditions of the member without attaining complete yielding through all its surfaces. The column starts to unload and the central section of the column deflects much further at load level 4. From the examinations made with regard to yield propagation during loading, at the ultimate load conditions pertaining to load levels 2 and 3, similar to the other columns previously discussed, failure is closely associated with yield propagation across all areas of the compression sides of the web and flange elements of the sections on outer surfaces 1 and 2. 
Summary
The modeling strategies and procedures employed in the finite element simulations for the correct determination of the failure mechanics of pinned-ended I-section columns have been described in the paper. For this particular case of I-section with constant thickness, the I-section columns can be modeled using the quarter-model, half-model or full-model depending on the number of local buckles along the length. The results presented in this paper provide a deep insight and understanding of the complete loading history of the pinned-ended columns and show the development and redistribution of stresses as well as the beginning of yielding and yield propagation throughout loading. The ultimate failure of the columns has been shown to be associated with yielding on the compression sides of the outer surfaces of the section walls at the web, flanges and section junctions mostly along the length of the columns.
